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Nanocrystallization behavior of Al85Ce8Ni5Co2 amorphous ribbon induced by severe plastic deformation and by linear heating ther-
mal treatment has been compared using differential scanning calorimetry, X-ray diffraction and transmission electron microscopy. Ther-
mal treatment of the as-quenched ribbon results in the joint formation of several crystalline phases, whereas plastic deformation at room
temperature induces only primary precipitation of a-Al nanocrystals. This is evidence for the athermal nature of the deformation induced
crystallization process.
 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Conventional aluminum alloys have been well known
for some time for their use in lightweight components in
engineering applications, particularly in the aerospace
industry. Recently, it has been found that rapidly quenched
Al-based alloys [1,2] exhibit excellent mechanical proper-
ties, with high tensile strength and good ductility [3]. The
advantages of nanoscale microstructures for the mechani-
cal properties of partially crystallized amorphous alloys
[4,5] draw attention to the significance of new methods
for the control of nanocrystal synthesis. In most cases, dur-
ing the annealing of glassy Al-rich amorphous precursors
containing rare earth and transition metal additions, pri-
mary crystallization of a-Al takes place [6–8]. High densi-
ties of Al-nanocrystals with an average size of 8–10 nm1359-6462/$ - see front matter  2006 Acta Materialia Inc. Published by Else
doi:10.1016/j.scriptamat.2006.02.004
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Khalturin St., Ufa 450001, Russia.were observed in the Al90Fe5Gd5, Al88Y7Fe5, Al92Sm8
and Al90Ce6Ni4 alloys [9–11]. Generally, the crystallization
sequence in these Al-rich systems strongly depends on the
concentration of the alloying constituents, e.g., single pri-
mary a-Al precipitation in Al–Ce–Ni alloys is not observed
above 4–6 at.% of Ce [11,12].
Recently, severe plastic deformation induced nanocrys-
tallization, e.g., by cold rolling [13,14] and high pressure
torsion (HPT) [15,16] has received increased attention.
During HPT processing, a porosity and impurity-free
disc-shaped sample is strained by torsion under high pres-
sure [17,18]. It has been found that these methods can
induce defect-free Al-nanocrystal development and growth
in amorphous Al88Y7Fe5 alloy mainly in the shear bands
with an extremely high density and homogeneous distribu-
tion [13,15].
Recently, a fully amorphous melt-spun ribbon with the
nominal composition Al85Ce8Ni5Co2 was studied in detail
due to its high thermal stability, improved mechanical
properties and high corrosion resistance [19]. Calorimetric
measurements revealed a remarkable glass transition
followed by a two-stage crystallization process. However,vier Ltd. All rights reserved.































Fig. 1. XRD patterns of the as-quenched (a) and plastically deformed (b)
Al85Ce8Ni5Co2 alloy. The linear heating of the as-quenched ribbon up to
592 K results in the formation of several crystalline phases (c). The
symbols j, h, * and ? denote the Bragg-peaks of a-Al, orthorhombic
Al3Ni, orthorhombic Al11Ce3 and unknown phase(s), respectively. Fig. 1c
is taken from Ref. [19].
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this alloy lacks any primary crystallization of the a-Al
phase [20]. In the present work, the nanocrystallization
behavior and the microstructure of an Al85Ce8Ni5Co2
amorphous ribbon subjected to the HPT technique have
been analyzed and compared to the as-quenched amor-
phous alloy. In addition, due to the heterogeneous nature
of the applied stress, the radial dependence of some quan-
tities was also examined.
2. Experimental
An ingot was prepared by induction melting a mixture
of high purity (99.9%) Al, Ce, Ni and Co metals. Al85Ce8-
Ni5Co2 ribbon was obtained using a single roller melts
spinning technique in an inert atmosphere with a Cu wheel
rotating at a peripheral velocity of 39 m/s. The ribbon was
cut into small pieces (flakes), and then placed between
anvils and subjected to HPT deformation with five whole
rotations, under a hydrostatic pressure of 6 GPa. The
HPT process results in several porosity free discs with a
diameter of 10 mm and thickness of about 120 lm. Further
details of the HPT technique are given elsewhere [17]. Gen-
erally, accumulated shear strain for torsion deformation at
a radius r can be represented by
c ¼ h  r
L
¼ 2pN  r
L
; ð1Þ
where h, N and L are the rotation angle in radians, number
of rotations and the thickness of the disc, respectively. The













The accumulated shear strain due to geometrical con-
straints during deformation determines the elongation
and shrinkage of the particles. In order to investigate the
radial dependence of the microstructure and thermal
behavior, the HPT disc was fragmented into small pieces
and systematically placed into three groups according to
their distance (0–1/3, 1/3–2/3 and 2/3–1 in fraction of the
radius) from the center of the disc. Hereafter, these selec-
tions will be denoted as sectors A, B and C. The estimated
average equivalent strain values for sectors A, B and C
were 0–7, 7–8.2 and 8.2–9, respectively.
Microstructures were examined by powder X-ray dif-
fraction (XRD) on a Philips Xpert diffractometer using
Cu-Ka radiation in h–2h geometry in the range of 30–80
with a step width of 0.02. Time resolved in situ X-ray dif-
fraction studies were performed at the ID11 beam line of
the European Synchrotron Radiation Facilities (ESRF)
using a monochromatic beam of 95 keV (0.1304 A˚). For
the detailed experimental description, see Ref. [20].
For transmission electromicroscopy (TEM) studies the
selected part of the sample from sector C was prepared
by twin-jet electropolishing (Tenupol-5) in a solution of
water, ethanol, butoxyethanol and 1 l/78 ml perchloric acid(Struers A2 Electrolyte). The thin part of the sample
around perforation was examined in a JEOL FX 2010
TEM, operated at 200 kV. Standard bright-field (BF) and
dark-field (DF) images were recorded perpendicular to
the HPT disc plane together with selected area electron dif-
fraction patterns (SAED). Diameter of the selected area on
the sample was 1000 nm.
A Perkin–Elmer power compensated differential scan-
ning calorimeter (DSC) was used to investigate the thermal
behavior and crystallization by applying continuous heat-
ing experiments performed at a scan rate of 40 K/min.
All measurements were carried out under an argon atmo-
sphere. The temperature and the enthalpy were calibrated
by using pure In and Al. Each measurement was followed
by a second run in order to obtain the baseline.
3. Results
Fig. 1(a) and (b) shows the XRD patterns of the as-
quenched Al85Ce8Ni5Co2 ribbon and the HPT disc, respec-
tively. The pattern corresponding to the ribbon consists of
a broad symmetric halo that indicates a typical homoge-
neous amorphous phase. The pattern obtained from the
HPT disc shows additional crystalline peaks superimposed
on the halo, which coincide with the face-centered cubic
(fcc) a-Al Bragg peaks. Due to the relatively small intensi-
ties of these peaks, an exact determination of the average
crystallite size is not possible.
The XRD patterns containing the two strongest Al
peaks ((111) and (200)) are shown in Fig. 2 for sectors
A, B and C, respectively. The plot corresponding to the
central part of the disc (sector A) exhibits a featureless
halo, whilst with increasing distance from the center of
the disc the fcc-Al peaks become visible, indicating a defor-







































Fig. 4. DSC curves of the as-quenched Al85Ce8Ni5Co2 ribbon and
different sectors of the HPT disc obtained at 40 Kmin1 heating rate.
The glass transition (Tg), and the main exothermic peaks (T1, T2 and T3)
are also indicated. The top curve is taken from Ref. [19].
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fraction in the HPT disc.
Fig. 3 shows the TEM analysis obtained on the perime-
ter (sector C) of the disc. A typical microstructure pre-
sented in the BF image (Fig. 3(a)) exhibits several small
dark gray areas surrounded by homogeneously distributed
light gray contrast with a typical size of 10 nm. The SAED
pattern consists of a halo with some faint diffraction rings,
which can be indexed by fcc-Al, in accordance with the
XRD results. The corresponding DF image (Fig. 3(b))
taken by part of the (111) fcc-Al diffraction ring confirms
that the small dark gray areas in Fig. 3(a) are typical Al
nanocrystallites with a size of 5–10 nm.
Continuous heating DSC curves corresponding to the
as-quenched ribbon and different sectors of the HPT disc
obtained at a heating rate of 40 Kmin1 are plotted in
Fig. 4. The curve for the as-quenched ribbon shows a visi-
ble glass transition (Tg) and two distinct exothermic calori-Fig. 3. BF image and SAED pattern (a) and the corresponding DF (b)metric events with characteristic temperatures of T1 and T2.
The inner regions of the HPT disc with smaller deforma-
tion (sectors A and B) exhibit three distinct peaks with
characteristic temperatures of T1, T2 and T3, while the first
peak disappears in sector C. The XRD pattern of the as-
quenched ribbon obtained after linear heating above the
first crystallization peak (592 K) shows the joint formation
of a-Al, orthorhombic Al11Ce3, orthorhombic Al3Ni and
unidentified metastable phase (Fig. 1(c)).
Fig. 5 shows some selected real time diffraction patterns
of the as-quenched Al85Ce5Ni8Co2 amorphous ribbon
taken during heating of the alloy through its first crystalli-
zation stage. The different heating mechanisms during
induction heating in the synchrotron beam and during
the furnace heating in the DSC, as well as the non-uniform
heating rate in the induction coil, can modify the transfor-
mation temperatures, therefore exact temperatures are notTEM image taken from sector C of the Al85Ce8Ni5Co2 HPT disc.


























Fig. 5. In situ X-ray diffraction patterns (in transmission) during heating
of the Al85Ce5Ni8Co2 amorphous ribbon obtained by synchrotron
radiation. The temperature difference corresponding to the consecutive
patterns is approximately 7 K. The symbols j, h, * and ? denote the
Bragg-peaks of a-Al, orthorhombic Al3Ni, orthorhombic Al11Ce3 and
unknown phase(s), respectively.
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ature difference corresponding to consecutive patterns is
approximately 7 K. These measurements unambiguously
confirm the lack of any primary precipitation of a-Al in
the amorphous ribbon, and instead support the rapid and
simultaneous precipitation of a-Al, metastable orthorhom-
bic Al11Ce3 and orthorhombic Al3Ni and an unidentified
phase.
4. Discussion
As was established by X-ray diffraction and in situ syn-
chrotron experiments, during continuous heating the
Al85Ce8Ni5Co2 metallic glass devitrifies through a two-
stage crystallization process, where the first stage results
in the formation of a-Al, Al11Ce3, Al3Ni and an unknown
metastable phase. Recent studies have shown that the pri-
mary precipitation of a-Al is suppressed above 4–6 at.%
Ce content [11,12] and simultaneous formation of several
other phases is needed [22]. In thermal treatments a strong
preference for the primary a-Al formation in glassy Al-
based alloys is usually observed, although according to
the equilibrium phase diagrams the primary transforma-
tion process should be restricted to much smaller alloyingcontent [23]. For instance in hypereutectic amorphous
Al92Sm8, the Al11Sm3 and the a-Al phases should form
jointly, indeed only the Al nanocrystals precipitate during
heat treatment [23].
Generally, large deformation induces precipitation of
nanocrystals in amorphous alloys [13–15,24]. Recently,
the thermal or athermal nature of the deformation induced
precipitation process has been the subject of widespread
discussion [24,25]. In the Al85Ce8Ni5Co2 metallic glass
the deformation induced precipitation is primary a–Al
(see Figs. 1 and 2), contrary to the observed joint phase for-
mation during the first stage of thermal treatment (see Figs.
1 and 5); hence these results provide evidence of an ather-
mal process.
Predominantly, low temperature plastic deformation in
amorphous alloys takes place in thin shear bands, a few
tens of nm wide. Generally, the deformation induced nano-
crystals are localized in the shear bands [26,27]; however, in
the case of HPT [15] and cold-rolled [13] amorphous
Al88Y7Fe5, for example, Al-nanocrystals can also be
observed in the matrix surrounding the shear bands. Due
to the enhanced atomic mobility, presumably in the vicinity
of shear bands, the local structure of the amorphous alloy
can change, i.e., a variation in the short range order and
the appearance of voids from coalesced free volume can
be observed [26–28].
Thermal analysis revealed that the deformation induced
a-Al phase formation in the perimeter of the Al85Ce8Ni5Co2
disc is accompanied by the complete elimination of the first
DSC peak and the appearance of an additional exothermic
event at higher temperatures (see Fig. 4). Consequently,
severe plastic deformation (e > 8.2) leads to the formation
of homogeneously dispersed Al nanocrystals (Figs. 2 and
3) and to the appearance of a more stable ‘‘deformation
phase’’ in sector C. The DSC curves of sectors A and B
show a more complex structure with three distinct peaks.
According to the crystallization sequence of the different
sectors, the central part of the disc is a mixture of the as-
quenched (ribbon) and the deformation phase [29].
Generally, in an amorphous alloy, the atomic mobility
becomes frozen when it is cooled through its glass transi-
tion; however, severe plastic deformation can induce suffi-
cient atomic motion in order to change the local atomic
order and the microstructure of the metallic glass. This
deformation induced process seems to be athermal and,
presumably, mainly stress driven. The formation of a-Al
phase during deformation in non-primary crystallizing
amorphous alloys may be a more common feature and
might reveal the athermal nature of the deformation
process.
5. Conclusions
High pressure torsion of an Al85Ce8Ni5Co2 amorphous
ribbon induced the formation of primary a-Al nanocrystals
in the perimeter of the disc, in contrast to the joint forma-
tion of several phases during continuous heating of the
Zs. Kova´cs et al. / Scripta Materialia 54 (2006) 1733–1737 1737metallic glass. This is evidence of the athermal nature of the
deformation induced crystallization process.
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